ABSTRACT Sexual behavior of male moths after prolonged exposure to the 1-ng pheromone/m 3 air previously measured in orchards treated with pheromone for mating disruption was examined in a ßight tunnel. The exposure of Grapholita molesta (Busck) to 1-ng (Z)-8-dodecen-1-yl acetate (Z8 Ð 12:OAc)/m 3 air for 15 min had no effect on their ability to ßy upwind to a conspeciÞc, virgin calling female. After 30 min of exposure, males exposed to a control treatment were 1.4ϫ more likely orient to a female than males exposed to pheromone-treated air. Some G. molesta males retained the ability to orient to a female after a 30-min exposure period when the aerial concentration of Z8 Ð12:OAc was increased 500,000ϫ to 0.5 gm/m 3 . Prolonged exposure to Z8 Ð12:OAc did not affect response to a synthetic pheromone lure. The time required to initiate behavioral responses to a female or a lure was not affected by pheromone exposure. Male Choristoneura rosaceana (Harris) exposed to a control treatment for 15 min were 38.5ϫ more likely to orient to a conspeciÞc, virgin calling female than males exposed to 1-ng (Z)-11-tetradecen-1-yl acetate (Z11Ð14:OAc)/m 3 air for 15 min. After 30 min of exposure males were unable to ßy upwind to a female. Males exposed to a control treatment for 15 min were 4.3ϫ more likely to ßy upwind to a synthetic pheromone lure than males exposed to 1-ng Z11Ð14:OAc/m 3 air for 15 min. The time required to initiate behavioral responses to a female or a lure was not affected by exposure to pheromone.
Sex pheromone-based mating disruption is an effective alternative to the use of insecticide for the control of some moth pests of Þeld crops, orchards, and vineyards (Cardé and Minks 1995) , and is an important component of many current integrated pest management programs (Cardé 2007) . Disruption is achieved by permeating a cropping environment with synthetic pheromone that is dispensed from atomizers, sealed plastic tubes, open-ended hollow Þbers, laminated plastic ßakes, or microcapsules (Cardé 2007) . A reduction in the responsiveness of antennal pheromone sensory neurons (peripheral nervous system adaptation), the central nervous system (habituation), competition between synthetic and natural sources of pheromone (competitive attraction), camoußage of natural pheromone plumes, imbalance of sensory input, inhibition of response by antagonists or pheromone mimics, or all of these, have been proposed as modes of action of these pheromone treatments (Bartell 1982; Cardé 1990 Cardé , 2007 Cardé and Minks 1995; Sanders 1997; Miller et al. 2008a, b) .
The effectiveness of mating disruption depends on the initial population density of the pest, the degree to which fertile females immigrate into the pheromonetreated crop, the release rate characteristics of the pheromone-dispensing device, and the susceptibility of the pestÕs chemosensory communication system to disruption by pheromone (Cardé and Minks 1995) . The oriental fruit moth, Grapholita molesta (Busck), a worldwide pest of peach, Prunus persica (L.) Batsch, (Rothschild and Vickers 1991) , can be successfully controlled using mating disruption even at initially high population densities (Cardé 2007) . By contrast, the obliquebanded leafroller, Choristoneura rosaceana (Harris), an important pest of apple (Malus domestica Borkh.) in North America (Reissig et al. 1986 ), has proven difÞcult to control using mating disruption even at low population densities (Cardé 2007) .
Sensory adaptation has been measured in the antennae of both male G. molesta (Stelinski et al. 2005, Trimble and Marshall 2007) and C. rosaceana (Ste-linski et al. 2003a, b; Marshall 2007, 2010) after prolonged exposure to pheromone. The induction of sensory adaptation in the excised antennae of these species was measured by Trimble and Marshall (2010) over the range Þve by 10 Ϫ7 Ϫ Þve by 10 0 ng pheromone/ml air by using the main pheromone compound of G. molesta, (Z)-8-dodecen-1-yl acetate (Z8 Ð12:OAc) (Roelofs et al. 1969) , and the main pheromone compound of C. rosaceana, (Z)-11-tetradecen-1-yl acetate (Z11Ð14:OAc) (Roelofs and Tette 1970) . They found that a quadratic polynomial regression model best described the relationship between percent adaptation and aerial concentration of pheromone in both species and they used this relationship to estimate adaptation at the 1-ng pheromone/m 3 (i.e., 1.0 by 10 Ϫ6 ng/ml air) that has been measured in orchards treated with pheromone for mating disruption (Bä chman 1997, Koch et al. 1999 , Judd et al. 2005 . The estimated level of adaptation of G. molesta antennae was 16 and 28% after 15 and 30 min of exposure to 1-ng/m 3 air of its main pheromone compound. By contrast, the estimated level of adaptation of C. rosaceana antennae was only 1.5 and 9.9% after 15 and 30 min of exposure to 1 ng/m 3 air of its main pheromone compound. Trimble and Marshall (2010) hypothesized that the greater levels of adaptation estimated for G. molesta might be one reason why this species is more readily controlled by mating disruption.
There is no experimental evidence that the levels of adaptation estimated at the aerial pheromone concentration of 1 ng/m 3 air measured in disrupted orchards is associated with an impairment of sexual behavior in either G. molesta or C. rosaceana. A laboratory study was therefore undertaken to determine if exposure of adult male G. molesta and C. rosaceana to 1-ng pheromone/m 3 air of their main pheromone compounds would have a measureable effect on their ability to orient by ßight to a sexually receptive conspeciÞc female. The effect of exposure to pheromone on male response to a synthetic pheromone lure that had been previously used in traps to assess the effect of commercial pheromone treatments for mating disruption was also tested. The effect of exposure to 0.5-g pheromone/m 3 air on male response to a female and a lure was also tested to determine if the 70 Ð 80% sensory adaptation induced by this aerial concentration of pheromone Marshall 2007, 2010) would affect sexual behavior.
Materials and Methods
Insects. G. molesta were obtained from an insecticide-susceptible laboratory colony (Pree et al. 1998) . The larvae of this species were reared on 3Ð 4 cm diameter immature, green apples that had not been sprayed with insecticide (Pree 1985) . C. rosaceana were also obtained from an insecticide-susceptible laboratory colony (El-Sayed et al. 2001b) . The larvae of this species were reared on artiÞcial diet (Shorey and Hale 1965) . Male pupae were held for emergence in 33-by 33-by 33-cm acrylic plastic cages at 23ЊC, 60% RH, and a photoperiod of 16:8 (L:D) h. Female pupae were held for emergence under the same conditions in a separate room.
Pheromone. Pheromone compounds were acquired from the Pherobank, Plant Research International, Wageningen, The Netherlands. The Z8 Ð12:OAc was 99.0% chemically pure and contained 0.2% E8 Ð12: OAc. The Z11Ð14:OAc was 99.2% chemically pure and contained 0.4% E11Ð14:OAc. It did not contain the known C. rosaceana attraction inhibitors (Z)-9-tetradecenyl acetate (Z9 Ð14:OAc), or (E)-9-tetradecenyl acetate (E9 Ð14:OAc) (Trimble and El-Sayed 2006) . The minor C. rosaceana pheromone compound (E)-11-tetradecenyl acetate (E11Ð14:OAc) had a chemical and isomeric purity of 99.5%. The minor C. rosaceana pheromone compounds (Z)-11-tetradecenol (Z11Ð 14:OH) and (Z)-11-tetradecenal (Z11Ð14:Ald) had a chemical purity of 99 and 91.5%, respectively.
Pheromone Delivery System. The pheromone sprayer developed by El-Sayed et al. (1999a) and modiÞed by Trimble and Marshall (2007) to permit the atomization of pheromone in ethanol solutions at rates as low as 0.125 l/min was used to create a pheromone concentration of 1-ng or 0.5-g/ml air. The sprayer components are a microdialysis pump, a 50-l gastight syringe connected to an atomization nozzle with ßuorinated ethylene propylene (FEP) tubing, and a function generator that excites a piezo-electric bending motor attached to the nozzle. A 2-liter-capacity Bü chner (vacuum) ßask was Þtted with an aluminum foil-covered rubber stopper with a hole through which a 25-cm-long glass exhaust tube (8 mm in diameter, 10 mm outside diameter) was inserted. The glass tube was Ϸ10 cm from the bottom of the ßask with the stopper Þrmly in place. Approximately 4 cm of the tube extended from the top of the stopper. A 25-cmlong glass air delivery tube (8 mm in diameter, 10 mm outside diameter) was attached to the 3 cm long, horizontal vacuum line connecting tube of the ßask by using a 3.5-cm-long section of Tygon SE-200 inert tubing (9.5 mm in diameter) (Saint-Gobain Performance Plastics Inc., Paris, France). A micromanipulator was used to position the tip of the sprayer nozzle in the center of the air delivery tube via a 2-mmdiameter hole located 16 cm from the tubeÕs connection with the ßask. Activated carbon Þltered and humidiÞed air was delivered to the air delivery tube via inert tubing at a rate of 2 liters/min. A 1.6-by 10
Ϫ5
-mg pheromone/ml ethanol solution delivered at 0.125 l/ min into the airßow of 2 liters/min produced a resultant aerial concentration of 1.0 by 10 Ϫ6 ng pheromone/ml air (i.e., 1-ng pheromone/m 3 air) (Trimble and Marshall 2010 ). An 8-mg pheromone/ml ethanol solution delivered at 0.125 l/min into the airßow of 2 liters/min produced a resultant aerial concentration of 0.5 ng pheromone/ml air (i.e., 0.5 mg pheromone/m 3 air) (Trimble and Marshall 2010) . Air was passively vented from the ßask by connecting a surgical rubber tube to the glass exhaust tube. The rubber tube was connected to the down wind air puriÞcation Þlters of the ßight tunnel (El-Sayed et al. 2001).
Treatment and Testing of Males. The effect of four treatments on the response of G. molesta and C. rosaceana males to conspeciÞc virgin, calling females or to a synthetic pheromone lure was observed in an acrylic plastic ßight tunnel (55.5 by 87 by 160 cm, H ϫ W ϫ L) (El-Sayed et al. 2001b ) by using an air velocity of 30 cm/s, temperature of 22Ð24ЊC, and 30 Ð50% RH. Experiments with G. molesta were conducted during the 3 h before the onset of the scotophase when males and females of this species exhibit the greatest sexual activity . Light intensity was 75 lx on the ßoor of the tunnel and 150 lx at the release point of the males. Experiments with C. rosaceana were conducted during the Þfth and sixth hour of the scotophase when females exhibit the greatest incidence of calling (El-Sayed et al. 2001b) and when the level of activity of males of this species is relatively stable (Knight et al. 1994, Trimble and Marshall 2008) . Light intensity was six lx on the ßoor of the tunnel and 12 lx at the release point of the males. One hour before the test period, three 1Ð2-d-old calling females and four to six randomly selected 2Ð3-d-old males were placed individually into a glass tubing "cage" (2 by 2 cm, L ϫ D) that was closed at each end using 0.8-by 0.8-mm-mesh copper screen. Cages holding males were placed in a sealed glass container on the ßoor of the ßight tunnel for acclimatization. Three femalecontaining cages were placed on a stand 7.5 cm from the upwind end and 35 cm above the ßoor of the ßight tunnel. One cage was positioned above the centerline of the tunnel (center female) and the other two were positioned 20 cm to the right (right female) and left (left female) of the center female. Plumes of titanium dioxide produced by a small amount of titanium tetrachloride placed at the right, center, and left female positions had an estimated cross-sectional diameter of Ϸ5 cm at the end of the tunnel and did not converge. An experiment was begun when each of the three females were observed to be calling. In experiments using synthetic pheromone as the source of attraction, a Tré cé Pherocon OFM standard, 4-wk longevity lure (Tré cé Inc., Salina, CA) was used for G. molesta males, and a natural rubber stopper impregnated with 0.97 mg Z11Ð14:OAc, 0.2 mg E11Ð14:OAc, 0.015 mg Z11Ð 14:OH, and 0.1 mg Z11Ð14:Ald (El-Sayed et al. 2001a) was used for C. rosaceana males. The Tré cé lure has been used in traps to assess the efÞcacy of commercial pheromone treatments for controlling G. molesta (Trimble et al. 2001 ) and the laboratory prepared lure has been used in traps to assess the efÞcacy of commercial pheromone treatments for controlling C. rosaceana (Trimble and Appleby 2004) . Lures were removed from storage at 4ЊC and held for 72 h at 23ЊC in a fume hood before use in an experiment. They were attached to an 8-mm-diameter cork by using an insect pin. The cork with its attached lure was placed on the stand above the centerline of the tunnel. Lures were used for Þve consecutive days and then renewed.
Males were exposed to pheromone by attaching a piece of wire to a male-containing cage, suspending the cage in the Bü chner ßask Ϸ15 cm from its bottom and holding it in place by Þrmly inserting the aluminum foil-covered rubber stopper into the ßask. The male was exposed to one of four randomly chosen treatments for either 15 or 30 min: control 1 (air: humidiÞed and activated carbon-Þltered airßow of 2 liters/min), control 2 (air plus ethanol at 6.25 l/ml air), pheromone: low (air plus ethanol plus Z-8 Ð12: OAc or Z11Ð14:OAc at 1.0 by 10 Ϫ6 ng/ml air), and pheromone: high (air plus ethanol plus Z-8 Ð12:OAc or Z11Ð14:OAc at 0.5 ng/ml air). After treatment the glass cage was removed from the ßask and the male immediately was transferred to a glass tube (15 by 2.5 cm, L ϫ D) and the ends of the tube were closed using cotton wool. The tube and its contained male moth then were placed in the cradle of a stand at the downwind end of the tunnel Ϸ130 cm from the center female. The tube was 35 cm above the ßoor of the tunnel, positioning it within the space where the plume of titanium dioxide had been observed. An observation was initiated by removing the cotton wool from the openings of the tube. The time for a moth to become activated (wing-fanning and walking in the release tube), and to initiate the take-off (beginning of ßight in any direction), lock-on (beginning of upwind ßight for at least 10 Ð15 cm), close-in (upwind ßight to 10 Ð15 cm from the calling female) and the touchdown (landing on the cage containing the female) phases of upwind ßight (El-Sayed et al. 1999b ) was recorded using The Observer XT software (Wageningen, The Netherlands) and a personal computer. If the male did not become activated within 1 min, or did not touchdown at a female, it was retested using the right female, and if necessary using the left female. Marks on the ßoor of the tunnel facilitated correct positioning of the stand used to hold the glass release tube. An experiment using a synthetic pheromone lure was performed using the same methods as when using virgin females except that each treated male was given only one opportunity to respond to the lure. A complete pheromone delivery system including a syringe, FEP tube, sprayer nozzle, air delivery tube and ßask was dedicated to each treatment. The air delivery tube and ßask were washed and rinsed with acetone before being reused. The glass tubing cages for holding males and females, and glass tubes for release of males were washed, rinsed in acetone and heated to 300ЊC for 8 h before being reused. The experiment was repeated Þfteen times Þrst using a 15-min male exposure period and then using a 30-min male exposure period. Experiments with C. rosaceana preceded those with G. molesta. The use of virgin females preceded the use of synthetic pheromone lures as a source of attraction.
Statistical Analyses. Statistical analyses were performed using JMP version 7.0 (SAS Institute 2007). The signiÞcance of treatment on the number of males initiating each of the Þve behavioral phases of upwind ßight was tested using logistic regression analysis and likelihood ratios were used to identify signiÞcantly different treatments (Freund et al. 2003) . Odds ratios were interpreted as follows (McHugh 2009 ): a value of 1.00 indicated that males receiving two treatments were equally likely to exhibit a behavior, whereas a value of Ͼ1.00, for exDecember 2012 TRIMBLE: SEXUAL BEHAVIOR OF G. molesta AND C. rosaceanaample 1.50, indicated that males receiving one treatment were one and one-half times more likely to exhibit a behavior as males receiving another treatment. In cases where all 15 of the tested moths initiated a behavior the analysis contingency table contained a structural zero (Ten Have 2005). As recommended by Hosmer and Lemeshow (2000) these treatments were eliminated from the analysis. In cases where 14 or fewer of the control 1-treated males exhibited a behavior, but all 15 of the control 2-treated males exhibited a behavior, these two treatments were combined for comparison with the pheromone: low and pheromone: high treatments (Homer and Lemeshow 2000). Logistic regression analysis was also used to test the signiÞcance of treatment on the number of males initiating a behavior on the Þrst attempt, i.e., exhibiting a behavior in response to the center female. The distribution of the times required for the initiation of each behavior was tested for goodness-of-Þt to the normal distribution, and the variances of mean times for each treatment were tested for departure from equality. The log 10 (x ϩ 1) transformation was used to normalize the data and stabilize variances. One-way analysis of variance was used to test the signiÞcance of treatment on the mean time required to initiate a behavior. SigniÞcantly different mean times to initiate a behavior were identiÞed using the Tukey HSD test. Transformed means were back-transformed to their original scale for presentation in the Results.
Results
The number of male G. molesta completing the activation, lock-on, close-in and touchdown behaviors in response to a virgin calling G. molesta female was affected by treatment after a 15-min exposure period (Table 1 ). Males exposed to the control 2 (air) treatment were 3.5ϫ more likely to lock-on and 5.1ϫ more likely to close-in and touchdown than males exposed to the control 2 (6.25-l ethanol/ml air) treatment. The effect of treatment on activation could not be compared because all 15 males exposed to the control 1 treatment initiated this behavior therefore precluding computation of an odds ratio. Males exposed to the pheromone: low treatment (6.25-l ethanol plus 1.0 by 10 Ϫ6 ng Z8 Ð12:OAc/ml air) were 2.2, 3.5, 5.1, and 5.1ϫ more likely to become activated, lock-on, close-in and touchdown, respectively, than males exposed to the control 2 treatment, and equally likely to complete these behaviors as males exposed to the control 1 treatment (odds ratios ϭ 1.0 not reported in Table 1 ). By contrast, males exposed to the control 2 treatment were 4.1Ð 6.0ϫ more likely to exhibit these behaviors than males exposed to the pheromone: high (6.25-l ethanol plus 5.0 by 10 Ϫ1 ng Z8 Ð12:OAc/ml air) treatment. Males exposed to the pheromone: low treatment were 12.3ϫ more likely to activate and 21.0ϫ more likely to lock-on, close-in and touchdown than males exposed the pheromone: high treatment. After 30 min of exposure treatment affected the number of males completing each of the Þve behaviors (Table 1) . Males Fifteen males were tested with each treatment. Males were exposed to air (control 1), air plus ethanol (6.25 by 10 Ϫ5 l/ml air) (control 2), air plus ethanol plus 1.0 by 10 Ϫ6 ng Z11Ð14:OAc/ml air (pheromone: low) and air plus ethanol plus 5.0 by 10 Ϫ1 ng Z11Ð14:OAc/ml air (pheromone: high).
a Treatment "control 1" excluded from analysis. b Treatments "control 1" and "pheromone: low" excluded from analysis.
were 5.1ϫ more likely to lock-on, close-in and touchdown after exposure to the control 1 than after exposure to the control 2 treatment. The effect of these treatments on activation and take-off could not be compared because all 15 males exposed to the control 1 treatment initiated these behaviors and therefore odds ratios could not be computed. In contrast to the 15-min exposure period, males exposed to the control 2 treatment were 3.5ϫ more likely to activate, 5.1ϫ more likely to take-off and 1.4ϫ more likely to lock-on, close-in and touchdown than males exposed to the pheromone: low treatment, and 56.0ϫ more likely to activate and take-off, and 17.9ϫ more likely to complete the remaining behaviors than males exposed to the pheromone: high treatment. Males exposed to the pheromone: low treatment for 30 min were 16.0ϫ more likely to activate, 11.0ϫ more likely to take-off and 13.0ϫ more likely to complete the remaining behaviors than males exposed to the pheromone: high treatment. The number of male G. molesta completing upwind ßight behaviors to a virgin calling G. molesta female on the Þrst of the three attempts also was affected by a 15 and 30-min exposure period to the four treatments (Table 2 ). The effect of treatment was similar to that observed for the number of males completing behaviors with the exception that males exposed to the control 2 treatment for 15 min were equally likely to become activated and 1.4 Ð1.6ϫ more likely to complete subsequent behaviors on the Þrst of three attempts than males exposed to the pheromone: low treatment for 15 min. Males exposed to the control 2 treatment were 7.4 Ð9.8ϫ more likely to complete the Þve behaviors on the Þrst attempt than males exposed to the pheromone: high treatment, and males exposed to the pheromone: low treatment were 5.5Ð7.4ϫ times more likely to complete behaviors on the Þrst attempt than males expose to the pheromone: high treatment. The effect of 30 min of exposure to the four treatments was similar to that observed after 15 min of exposure with the exception that males exposed to the control 2 treatment were 91.0ϫ more likely to become activated on the Þrst attempt than males exposed to the pheromone: high treatment. None of the males exposed to the pheromone: high treatment completed the take-off, lock-on, close-in or touchdown behaviors on the Þrst attempt. The average time required to initiate a behavior in response to a virgin calling female was not affected by 15 or 30 min of exposure to the four treatments except for activation after 15 min of exposure where the time to initiate this behavior was 3.3ϫ longer after exposure to the pheromone: high treatment than after exposure to the pheromone: low treatment (Table 3 ). The number of male G. molesta completing the take-off, lock-on, close-in and touchdown behaviors in response to a synthetic pheromone lure was not affected by treatment after a 15-min exposure period (Table 4) . It was not possible to test the effect of treatment on activation because all 15 of the tested males became activated after exposure to the control 1, control 2, and pheromone: low treatments. After 30 min of exposure, treatment affected the number of Fifteen males were tested with each treatment. Males were exposed to air (control 1), air plus ethanol (6.25 by 10 Ϫ5 l/ml air) (control 2), air plus ethanol plus 1.0 by 10 Ϫ6 ng Z11Ð14:OAc/ml air (pheromone: low) and air plus ethanol plus 5.0 by 10 Ϫ1 ng Z11Ð14:OAc/ml air (pheromone: high).
a Treatment "control 1" excluded from analysis. b Treatment "pheromone: high" excluded from analysis.
males initiating activation and close-in in response to the lure. Males exposed to the control 2 treatment were 4.4 and 14.5ϫ more likely to activate as those exposed to the pheromone: low and pheromone: high treatments, respectively, and males exposed to the pheromone: low treatment were 3.3ϫ more likely to exhibit this behavior as those exposed to the pheromone: high treatment. The effect of treatment on close-in differed from that observed in males responding to a calling female because the males exposed to the control 2 treatment were 8.0ϫ more likely to complete this behavior than males exposed to the Fifteen males were tested with each treatment. Number of males completing behavior in parentheses. Males were exposed to air (control 1), air plus ethanol (6.25 by 10 Ϫ5 l/ml air) (control 2), air plus ethanol plus 1.0 by 10 Ϫ6 ng Z11Ð14:OAc/ml air (pheromone: low) and air plus ethanol plus 5.0 by 10 Ϫ1 ng Z11Ð14:OAc/ml air (pheromone: high). Means in a column for each exposure period followed by the same letter are not signiÞcantly different (Tukey HSD test, P Ͼ 0.05). Means transformed back to original scale. Fifteen males were tested with each treatment. Males were exposed to air (control 1), air plus ethanol (6.25 by 10 Ϫ5 l/ml air) (control 2), air plus ethanol plus 1.0 by 10 Ϫ6 ng Z11Ð14:OAc/ml air (pheromone: low) and air plus ethanol plus 5.0 by 10 Ϫ1 ng Z11Ð14:OAc/ml air (pheromone: high).
a Analysis not performed. b Treatments "control 1" and "pheromone: low" excluded from analysis. c Treatments "control 1" and "control 2" combined. d Treatment "control 1" excluded from analysis. e Odds ratio control 2 vs control 1 ϭ 8.0.
control 1 treatment. The effect of treatment on close-in was similar to that observed with calling females with males exposed to the control 2 treatment 4.0 and 5.5ϫ more likely to complete this behavior than males exposed to the pheromone: low and pheromone: treatments, respectively, and with males exposed to the pheromone: low treatment 1.4ϫ more likely to close-in than males exposed to the pheromone: high treatment. The average time required to initiate a behavior in response to a synthetic pheromone lure was not affected by 15 or 30 min of exposure to the four treatments (Table 5 ). The number of male C. rosaceana completing each of the Þve behaviors in response to a virgin calling C. rosaceana female was affected by treatment after both the 15-and 30-min exposure periods (Table 6 ). After 15 min of exposure to the control 2 treatment, males were 1.6ϫ more likely to take-off and 1.8ϫ more likely Fifteen males were tested with each treatment. Number of males completing behavior in parentheses. Males were exposed to air (control 1), air plus ethanol (6.25 by 10 Ϫ5 l/ml air) (control 2), air plus ethanol plus 1.0 by 10 Ϫ6 ng Z11Ð14:OAc/ml air (pheromone: low) and air plus ethanol plus 5.0 by 10 Ϫ1 ng Z11Ð14:OAc/ml air (pheromone: high). Means in a column for each exposure period followed by the same letter are not signiÞcantly different (Tukey HSD test, P Ͼ 0.05). Means transformed back to original scale. Fifteen males were tested with each treatment. Males were exposed to air (control 1), air plus ethanol (6.25 by 10 Ϫ5 l/ml air) (control 2), air plus ethanol plus 1.0 by 10 Ϫ6 ng Z11Ð14:OAc/ml air (pheromone: low) and air plus ethanol plus 5.0 by 10 Ϫ1 ng Z11Ð14:OAc/ml air (pheromone: high).
a Odds ratio control 1 vs control 2 ϭ 1.5.
to close-in and touchdown as males exposed to the control 1 treatment. By contrast, males exposed to these two treatments were equally likely to activate and 1.5ϫ more likely to lock-on when exposed to the control 1 than when exposed to the control 2 treatment. Males exposed to the control 2 treatment were 7.0ϫ more likely to activate, 13.0ϫ more likely to take-off, 17.9ϫ more likely to lock-on and close-in, and 38.5ϫ more likely to touchdown as males exposed to the pheromone: low treatment. Males exposed to the control 2 treatment were 38.5 and 26.0ϫ more likely to activate and take-off, respectively, as males exposed to the pheromone: high treatment, and males exposed to pheromone: low treatment were 5.5 and 2.0ϫ more likely to complete these behaviors as males exposed to the pheromone: high treatment. None of the males exposed to the pheromone: high treatment completed lock-on, close-in or touchdown in response to a calling female. The effect of 30 min of exposure to the four treatments was similar to the effect of 15-min exposure with the exception that males exposed to the control 2 treatment were 3.5ϫ more likely to activate, equally likely to takeoff and 1.5ϫ more likely to lock-on than males exposed to the control 1 treatment. In contrast to the 15-min exposure period where males exposed to the pheromone: low treatment were 2.0ϫ more likely to take-off as males exposed to the pheromone: high treatment, males exposed to these treatments for 30 min were equally likely to complete this behavior. The number of male C. rosaceana initiating activation and take-off in response to a virgin calling C. rosaceana female on the Þrst of three attempts was affected by 15 min of exposure to the four treatments (Table 7) . Males exposed to the control 2 treatment were 2.0 and 2.3ϫ more likely to activate and take-off, respectively, on the Þrst attempt, as males exposed to the control 1 treatment. Males exposed to the control 2 treatment were 8.0 and 13.0ϫ more likely to activate and take-off, respectively, on the Þrst attempt as males exposed to the pheromone: low treatment, and 26.0ϫ more likely to activate on the Þrst attempt as males exposed to the pheromone: high treatment. Males exposed to the pheromone: low treatment were 3.2ϫ more likely to activate on the Þrst attempt as males exposed to the pheromone: high treatment. A signiÞcant treatment effect on the numbers completing a behavior on the Þrst attempt was detected only for activation after a 30-min exposure period because none of the males completed the take-off, lock-on, close-in or touchdown behaviors on the Þrst attempt after treatment with the pheromone: low and pheromone: high treatments. Males were equally likely to activate on the Þrst attempt after 30 min of exposure to the control 1 and control 2 treatments, and males exposed to the control 2 treatment were 91.0ϫ more likely to exhibit this behavior on the Þrst attempt as males exposed to the pheromone: low and pheromone: high treatments. Males were equally likely to activate on the Þrst attempt after exposure to the pheromone: low and pheromone: high treatments. The average time required for male C. rosaceana to initiate a behavior in response to a virgin calling C. rosaceana female was not affected Fifteen males were tested with each treatment. Males were exposed to air (control 1), air plus ethanol (6.25 by 10 Ϫ5 l/ml air) (control 2), air plus ethanol plus 1.0 by 10 Ϫ6 ng Z11Ð14:OAc/ml air (pheromone: low) and air plus ethanol plus 5.0 by 10 Ϫ1 ng Z11Ð14:OAc/ml air (pheromone: high).
by 15 or 30 min of exposure to the four treatments (Table 8) .
The number of male C. rosaceana initiating behaviors in response to a synthetic pheromone lure was affected by both 15 and 30 min of exposure to the four treatments (Table 9) . After a 15Ðmin exposure period there was no effect of treatment on the number males exhibiting activation. Males exposed to the control 1 and control 2 treatments for 15 min were equally likely to lock-on and touchdown, whereas males exposed to the control 2 treatment were 1.7ϫ more likely to close-in than males exposed to the control 1 treatment. The effect of these treatments on take-off could not be tested because all 15 of test males exposed to the Fifteen males were tested with each treatment. Number of males completing behavior in parentheses. Males were exposed to air (control 1), air plus ethanol (6.25 by 10 Ϫ5 l/ml air) (control 2), air plus ethanol plus 1.0 by 10 Ϫ6 ng Z11Ð14:OAc/ml air (pheromone: low) and air plus ethanol plus 5.0 by 10 Ϫ1 ng Z11Ð14:OAc/ml air (pheromone: high). Means in a column for each exposure period followed by the same letter are not signiÞcantly different (Tukey HSD test, P Ͼ 0.05). Means transformed back to original scale. Fifteen males were tested with each treatment. Males were exposed to air (control 1), air plus ethanol (6.25 by 10 Ϫ5 l/ml air) (control 2), air plus ethanol plus 1.0 by 10 Ϫ6 ng Z11Ð14:OAc/ml air (pheromone: low) and air plus ethanol plus 5.0 by 10 Ϫ1 ng Z11Ð14:OAc/ml air (pheromone: high).
a Treatments "control 1" and "control 2" excluded from analysis. b Treatments "control 1" and "control 2" combined. c Odds ratio control 1 vs control 2 ϭ 1.3.
control 1 and control 2 treatments completed this behavior. Males exposed to the control 2 treatment for 15 min were 3.1Ð 4.6ϫ more likely to complete the lock-on, close-in and touchdown behaviors than males exposed to the pheromone: low treatment, and 7.4 Ð 16.0ϫ more likely to complete these behaviors than males exposed to the pheromone: high treatment. Males exposed to the pheromone: low treatment were 7.4ϫ more likely to take-off and 2.2Ð3.5ϫ more likely to lock-on, close-in and touchdown than males exposed to the pheromone: high treatment. The effect of 30 min of exposure to the four treatments on the number of males initiating the Þve behaviors was similar to the effect after 15 min of exposure with the exception that there was no signiÞcant effect of treatment on the close-in and touchdown behaviors. The average time required to initiate a behavior in response to a synthetic pheromone lure was not affected by 15 min of exposure to the four treatments (Table  10) . After 30 min of exposure, males exposed to the pheromone: low treatment took 3.5ϫ longer to initiate activation than males exposed the control 1 treatment.
Discussion
The results of this study demonstrate interspeciÞc differences in the effects of prolonged exposure to pheromone on the sexual behavior of two species of pest moths. The exposure of G. molesta males to 1-ng/m 3 air of their main pheromone compound Z8 Ð12:OAc for 15 min had no effect on their ability to ßy upwind and make contact with a virgin, calling G. molesta females. Males exposed to a control treatment were 1.4ϫ more likely to touchdown at a female on the Þrst of three attempts than males exposed to pheromone-treated air, demonstrating a small effect on behavior after 15 min of exposure to this atmospheric concentration of pheromone. Doubling the exposure period to 30 min resulted in a small reduction in the ability of males to orient to a female, with males exposed to a control treatment 1.4ϫ more likely to touchdown at a female than males exposed to pheromone-treated air. Some G. molesta males retained the ability to orient to a female after a 30-min exposure period even when the aerial concentration of Z8 Ð12:OAc was increased 500,000ϫ to 0.5 gm/m 3 . By contrast, the exposure of C. rosaceana males to 1 ng/m 3 of their main pheromone compound Z11Ð14:OAc for 15 min had a large effect on their sexual behavior because individuals exposed to a control treatment were 38.5ϫ more likely to touchdown at a conspeciÞc female than males exposed to pheromone-treated air. After 30 min of exposure to this atmospheric concentration of Z11Ð14:OAc, males were unable to progress beyond the take-off behavior. The small reduction in the response of G. molesta males to a virgin female was not detectible when using the Tré cé pheromone lure as a source of attraction, demonstrating its unsuitability for use in experiments of the type conducted in this study. The laboratory prepared pheromone lure used for C. rosaceana was also inferior to a virgin female. The males of this species were 38.5ϫ more likely to touchdown at a female after 15 min of exposure to 1-ng Z11Ð14:OAc than after exposure to a control treatment, but only 4.3ϫ more likely to touchdown at the lure when exposed to the same treatment.
The exposure of G. molesta males to an atmosphere containing 6.25-l ethanol/ml air for 15 or 30 min affected their ability to orient by ßight to a virgin calling female because males exposed to only to air were 5ϫ more likely to touchdown at a conspeciÞc female than males exposed to the alcohol. The combination of ethanol with 1.0 by 10 Ϫ6 ng Z8 Ð12:OAc/ml air (i.e., 1-ng pheromone/m 3 air) reversed the effect of ethanol after a 15-min exposure period because males exposed to this treatment were 5ϫ more likely Fifteen males were tested with each treatment. Number of males completing behavior in parentheses. Males were exposed to air (control 1), air plus ethanol (6.25 by 10 Ϫ5 l/ml air) (control 2), air plus ethanol plus 1.0 by 10 Ϫ6 ng Z11Ð14:OAc/ml air (pheromone: low) and air plus ethanol plus 5.0 by 10 Ϫ1 ng Z11Ð14:OAc/ml air (pheromone: high). Means followed by the same letter not signiÞcantly different (P Ͼ 0.05). Means in a column for each exposure period followed by the same letter are not signiÞcantly different (Tukey HSD test, P Ͼ 0.05). Means transformed back to original scale.
virgin calling female. After 30 min of exposure, males of this species were unable to ßy upwind to a virgin female. This result was unexpected because the estimated level of adaptation in male antennae was only 1.5 and 9.9% after a 15-and 30-min exposure period to 1-ng Z11Ð14:OAc/m 3 air (Trimble and Marshall 2010) . This suggests that central nervous system habituation may be a mechanism of disruption in this species. Wins-Purdy et al. (2008) provided experimental evidence that habituation may be a mechanism of disruption in this species. Atmospheric pheromone is unlikely to be uniformly distributed in an orchard treated with pheromone for mating disruption (Suckling et al. 1999 ) and ßuctuation around the timeaveraged concentration of 1 ng/m 3 may not have as pronounced an effect on sexual behavior of C. rosaceana as was observed in this study. Additional laboratory research should therefore be undertaken to determine if prolonged exposure to ßuctuating atmospheric concentrations of pheromone around the time-averaged concentration of 1-ng Z11Ð14:OAc/m 3 air has the same effect on the sexual behavior of C. rosaceana males as exposure to a constant atmospheric concentration of 1-ng Z11Ð14:OAc/m3 air.
